This work proposes NADP-ME activity as bio-indices for herbicidal sensitivity in Azolla pinnata R.Br. under 2,4-D toxicity. Azolla fronds were illuminated under saturated photosynthetic flux and bicarbonate induction. There was significant variation in the NADP-ME activity under light and dark conditions. This increased more when varying concentrations of 2,4-D were used for the up regulation of enzyme activity especially under illumination. There was evident modulation through activators (citrate and succinate) and inhibitors (pyruvate and oxaloacetate) under light and dark conditions at 2,4-D concentration. This occurs at the same time in overriding the herbicidal stress linked to the adjustment of the cellular redox of regulatory sites using dithiothreitol. This shows that Azolla can quench 2,4-D, which suggests NADP-ME as a biomarker through its sensitivity and mode of activities under xenobiotic contaminated soil.
INTRODUCTION
There are few key regulatory enzymes in carbon reduction pathways of plants where both concentrations of cellular metabolites as well as physico-chemical factors are responsible for regulation. NADP-malic enzyme (NADP-ME: L-Malate; NADP-oxido-reductase [oxaloacetate de-carboxylating] ) is a oxidative decarboxylating enzyme regardless of C 3 and C 4 plants that regenerate CO 2 at the expense of NADP (Xu, et al., 2013) . NADP-ME [EC-1.1.1.40] is most crucial for photosynthesis in respect to re-fixation of CO 2 from oxidative decarboxylation of malate with generation of NAD(P)H+H + . Moreover, malate, the substrate for NADP-ME, is the influencing factor of photosynthetic flux through ratio of NADP + to NAD(P)H+H + . The redox potential of tissue by NADP + : NAD(P)H+H + is now a crucial factor for different abiotic stress responses, and *Corresponding author. E-mail: mkadak09@gmail.com. Tel: +91-9432418218. Fax: +91-33-2582 8282.
Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License thus NADP-ME serves as an index for stress sensitivity (Wang et al., 2017) . The activity of NADP-ME is under the control of few cellular inputs like high pH (≥8.0), high CO 2 , malate and HCO 3 -concentration in the chloroplast. This is the chloroplastic light regulatory protein indexed in oxidative stress (Turkan et al., 2018) . Any fluctuation of abiotic inputs may be a factor to determine the optimum activity of this enzyme. Environmental stresses changing the cellular redox may be marked by NADP-ME activities and its deviation from controlled conditions. Thus, NADP-ME also serves as a redox indicator under changing condition of photo oxidation, photorespiratory condition of high light intensities and low CO 2 :O 2 ratio (Kustka et al., 2014) .
Photo oxidation is accomplished by few abiotic stressors in the form of toxic chemical residues, predominantly sourced by industrial effluents. Those chemicals may be artificial and hazardous to environment distributed through biological system. Overall, these are called xenobiotics, and in the context of pollutants, dioxins and polychlorinated biphenyl derivatives are emphasized (Neilson, 2017) . Out of the agricultural pollutants, herbicides are the predominant ones included with xenobiotics. Non-target plant species are more vulnerable to herbicides through the residual effect of 2,4-D in soil. Herbicide has been more frequently reported in different strategies to de-contaminate the soil after weeding (Gill and Garg, 2014) . A systematic herbicide is also realised through its residual in soil after its absorption by roots and its downstream effects in plants (Foy, 2018) . Waste water, effluents from industry and run-off from agricultural fallows, and herbicidal residues contaminate surface water. Effluents from waste water treatment plant containing 80% herbicides could greatly contaminate surface water (Tournebize et al., 2017) . In aquatic ecosystem marshy plants predominantly interact with herbicidal toxins in relation to their hyperaccumulation and sustenance. Regarding herbicidal stress, photo oxidation is the determining factor for sustainability in plants (Anjum et al., 2011) . With this, the relevance of NADP-ME may be questioned as a regulatory index for tolerance to herbicides. Few aquatic macrophytes including some non-flowering plants like Salvinia, Marsilea, and Azolla were also reported for their hyper-accumulating nature (Das et al., 2013; Dhir, 2018) . Azolla, an aquatic fern, is more established with its inherent nitrogen fixing ability to contribute to soil fertility. In addition, it can greatly prevent herbicides from contaminating water bodies. Based on this, we hypothesize that Azolla may be a bio-indicator species for detecting 2,4-D toxicity through the modulation of NADP-ME activities. Therefore, NADP-ME is used as the bioindex for the changes that occur in cellular redox under 2,4-D toxicity. Thus, in the present experiment, the NADP-ME activity under 2,4-D toxicity is discussed in Azolla and its modulation under light and darkness that may open up the regulatory mode of the enzyme.
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MATERIALS AND METHODS

Plant material and experimental conditions
Azolla pinnata R.Br., a free floating aquatic fern, was collected from the fresh water pond in the university campus for the present experiment. Initially, plants were transferred to cemented tank filled with tap water for further use. Thereafter, plants were transferred to a nutrient solution containing ¼th MS media for acclimatization (Murashige and Skoog, 1962) . Thereafter, the plants were supplemented with varying concentrations of 2,4-D: 100, 250, 500 and 1000 µM for 7 days in growth chamber at 35 ± 1°C, 85% RH and 14/10 h (L/D).
Biochemical analysis
After 7 days of treatment the plants were harvested and separated into root and fronds and stored at -80˚C. Later, they were used for different biochemical assays.
NADP-ME activity
NADP-ME activity was determined according to Drincovich et al. (2001) . Discs of Azolla fronds were incubated on 20 ml of 2 mM NaHCO3 -in Petri dish. They were illuminated within saturated light at an intensity of 900 -1000 µEm -2 s -1 . After 30 min of illumination and dark incubation, the tissues were extracted in a prechilled mortar and pestle with 1.5 ml of extraction buffer containing 100 mM Tris HCl (pH=7.5), 10 mM MgCl2, 2 mM EDTA, 10 mM PMSF, 10% (v/v) glycerol, 20% PVP and 10 mM β-ME. The extract was centrifuged at 15000×g for 15 min. The supernatant was used for further enzymatic assay. The enzyme activity was assayed spectrophotometrically at 340 nm by measuring the NADPH produced with 3 ml of assay mixture containing 100 mM Tris-HCl (pH=7.5), 10 mM MgCl2, 0.5 mM NADP + and enzyme extract. The reaction started after adding 0.01 mM malate (limiting) and 4 mM malate (saturating) concentrations.
Influence of NADP-ME activity under different modulators:
For the determination of regulatory activities of enzyme both from illuminated and dark-adapted fronds under 0.01 and 4 mM malate concentrations, two activators: 2 mM citrate and 2 mM succinate and two inhibitors: 10 mM pyruvate and 0.5 mM oxaloacetate were used for the present experiment, according to Murmu et al. (2003) . The extracted and purified protein was used to determine the effect of activators and inhibitors. 3 ml of assay mixture was read at 340 nm to assay the enzyme activity as described earlier.
Regulation of light induction by DTT
The light induced activation of many photosynthetic enzymes is modulated by the reduction of dithiols on the active site residue. In the present experiment the enzyme extracted from the illuminated and dark incubated fronds were assayed by adding and withdrawing 10 mM DTT along with other assay buffer mixture as mentioned above. The reaction started after adding 0.01 mM and 4 mM malate concentrations. The enzyme activity was assayed spectrophotometrically at 340 nm by measuring the NADPH produced, according to Murmu et al. (2003) .
Statistical analysis
All the data were recorded with three replications (n=3) and data were expressed as mean ± SE. The statistical analysis was performed by one-way (ANOVA) followed by least significance difference (LSD) test taking p≤0.05 levels of significance (Gomez and Gomez, 1984) . Windows Microsoft Excel 2007 software was employed for computation and data analysis.
RESULTS
Response pattern of light and darkness on NADP-ME activities
The optimum activities of NADP-ME in frond tissues of A. pinnata R.Br. were standardised upon illumination around the saturation of PAR (900 -1000 µE m
) in a solution of 2 mM HCO 3 -. From the two sets of experiment, the observations were made either in illuminated or nonilluminated conditions. The assay mixture was preincubated in alkaline medium (pH=7.5-8.0) under saturated 4 mM and limiting 0.01 mM malate. From both the tissue extract containing partially purified protein recorded an optimum activity (µM/mg FW/h) while being incubated under illumination and darkness for 30 min. The dark-adapted tissues were almost non-responding under the concentrations of 2,4-D; however, a significant discrepancy was recorded compared to that under light. This undoubtedly proves the efficacy of light under constant HCO 3 -concentration as against dark. The optimum activity was not significantly (p≤0.05) different as compared to control as the plants proceed through 2,4-D concentrations (except at initial concentration). In comparison to control (0 µM 2,4-D), the values of activity were curtailed by 33.46 and 47.8% under 100 µM 2,4-D at 0.01 mM and 4 mM malate respectively. However, the peak activity was recorded at 1000 µM 2,4-D by 1.12 and 2.104 fold as compared to control at 4 mM and 0.01 mM malate concentration respectively (Figure 1 ).
NADP-ME activity and its kinetics under chemical modulators
NADP-ME increases both at transcripts and protein level when tissues vary with irradiance gradient. The preincubation in HCO 3 -solution for the optimum enzyme activity was earlier standardised at 2 mM, according to Raghavendra (2000) . Contextually, the light activation of NADP-ME through HCO 3 -conceives the effects of activators/ inhibitors as recorded in the present experiment. Likewise, two sets of activators (2 mM citrate and 2 mM succinate) and inhibitors (10 mM pyruvate and 0.5 mM oxaloacetate) were applied. For convenience of experimental analysis, the maximum concentration of herbicide (1000 µM) as tolerated by Azolla plants was the standard compared to control (0µM) when it interacts with both the effectors (activators and inhibitors) under malate concentrations.
Regardless of malate concentrations, both activators and inhibitors recorded significant variations in NADP-ME activity under light and dark conditions. For limiting malate concentrations (0.01 mM), the effects of activators (citrate and succinate) were maximised more in light than in the dark. Thus, plants from herbicide treatment were more induced by citrate in light by 1.41 and 1.12 fold over darkness at 0 µM and 1000 µM respectively. Another activator, succinate had similar trend but not significant (p≤0.05) due to the effect of light and darkness. In brief, the activators had modulated the NADP-ME activities under herbicidal toxicity through the effects of light and darkness at the ratios of 1.18 and 1.03 (Figure 3 ). For inhibitory activity pyruvate and oxaloacetate were chosen; they had similar trend in their mode under light and darkness, but no significant variation. Still, the reduction of activity under herbicide was 42.11% less in darkness than light. The maximum inhibition was done by (a) (b) Figure 2 . NADP-ME activity in A. pinnata R.Br. fronds at control (0 µM) and 1000 µM 2,4-D concentration, incubated under light (a) and dark (b) conditions and saturated (4 mM) malate concentrations using two activators: 2 mM citrate and 2 mM succinate and two inhibitors: 10mM pyruvate and 0.5 mM oxaloacetate. The data were plotted from means of three replications (n=3) ±SE. The different alphabets on each bar show the level of significance (p≤0.05) between treatments, according to Duncan's test.
oxaloacetate at 42.6% under dark condition compared to light under same malate concentration. On the contrary, at saturated malate concentration the effect of irradiance is more pronounced for both activators and inhibitors. On average, citrate and succinate increased the enzyme activity by 1.18 fold and 1.03 fold more under light than darkness (Figure 2 ). Pyruvate and oxaloacetate also inhibited the activities when compared at 1000 µM 2,4-D toxicity against light and dark treatments. Pyruvate minimized more the activity by 42.11% more in darkness than under light (significant at p≤0.05); whereas, for oxaloacetate it was 42.59% in the same condition.
Reversal of light induced changes by redox system
Most of the Calvin cycle enzymes are photo regulatory and are based on changes of redox through di-sulphide (S-S) residues of the amino acids in active site. NADP-ME is no exception and could be modulated by light induced reduction of S-S. In the present experiment, this was also monitored with the partial purified protein incubated with 10 mM DTT under 0.01 and 4 mM malate when frond was immerged with 2 mM HCO 3 -in darkness/illumination. DTT had a significant role regardless of malate concentrations under darkness/light through herbicidal concentration. 
DISCUSSION
This paper highlights photosynthetic metabolism and its monitoring in herbicidal toxicity as biomarker. From the introduction it appears that photosynthetic enzyme, NADP-ME activity may be taken as redox indicator (Yamori et al., 2018) . Therefore, under changing 2,4-D concentrations that disturb the cellular redox may accumulate some bio molecules inducing oxidative stress (Biswal et al., 2011) . In our earlier studies Azolla has been reported as a hyperaccumulater of 2,4-D and can quench residual herbicides by antioxidation (De et al., 2017) . Herbicide, in different forms, is a serious bottleneck to fertility and disturbs soil micro flora (Wani et al., 2012) . In our earlier reports 2,4-D can be hyperaccumulated and transformed chemically into less toxic moiety in Azolla species (De et al., 2017) . Therefore, the responses of this species to gene expression would manifest the possible bio indication of herbicidal toxicity. Thus, an initial change of NADP-ME under 2,4-D treatments regardless of light/darkness, activator/inhibitor may suggest its cellular responses under changing redox as said earlier to C 4 and C 3 flowering species. Now in the present experiment, the enzyme activity was evaluated with different conditions and chemicals in Azolla. 2 mM HCO 3 -concentration may induce NADP-ME for optimum activity at 4mM malate than 0.01mM. High concentration of CO 2 in the bundle sheath is required to continue the photosynthesis even with minimum CO 2 compensation point (Bellasio and Griffiths, 2013) . This establishes it as an attributing factor for light activation of NADP-ME and that is also under 2,4-D toxicity in Azolla. In comparison to control (0 µM 2,4-D), the activity was improved based on the ongoing concentrations of herbicide. This may be attributed to high CO 2 concentration in the tissues. It also supports the tolerance of 2,4-D in Azolla with relation to sustained photosynthesis through malate metabolism. In Azolla, a C 3 species under the hyperaccumulation of 2,4-D, the photosynthetic activity remains less altered through anaplerotic reactions of organic acids. Malate and its inter-conversion is the most possible source of CO 2 in other downstream reactions (Ewe et al., 2018) . Expectedly, in Azolla any loss of metabolites would be compensated by an over-riding malate accumulation even under excessive accumulation of herbicides. In higher plants during C 4 photosynthesis, decarboxylation reactions lead to high concentration of CO 2 for RuBPcase activity and thereby photo respiratory loss is minimized (MacAdam and Nelson, 2017) . It is assumed that Azolla under varying 2,4-D concentrations is compensated for photo respiratory CO 2 loss with NADP-ME overexpresion. 2,4-D can alter the carboxylating machinery and release CO 2 inducing photo respiratory flux. The photo-activation may not be simple under the influence of light and darkness; yet the responses of Azolla to pyruvate (as inhibitor) to decrease NADP-ME activity is interesting. The presence of pyruvate increasing the activity (under illumination) favours the binding to regulatory domain of the enzyme. Similarly, it happens also for oxaloacetate and malate concentration depending on the feedback inhibition of decarboxylation reactions (Tissier, 2018) . Any way, 2,4-D may induce more pyruvate conversion into oxaloacetate releasing CO 2 and thus inhibition results. The supply of CO 2 in the form of HCO 3 -could be another source to enrich the CO 2 over its limiting concentration (Sage, 2013) . The influence of HCO 3 -may also be useful to adjust the higher pH of mesophyll cell to tolerate stress. Through photo respiratory flux, especially under high irradiance (near the saturated photo oxidative condition) cytosol becomes alkaline by decarboxylation reactions. Tolerance to herbicides and other toxic compounds may also be attributed by a higher pH of salt accumulation (Powles, 2018) . This possibly could be adjusted, however, partially through over -expression of NADP-ME activity by decarboxylating reactions releasing CO 2 . Therefore, NADP-ME could be hypothesized as an effective biomarker (yet to be established by isozymes from different plant tissues). Studies have shown that higher angiospermic plants are more flexible to reach optimum activities at 2 mM HCO 3 -, while Azolla needs a higher concentration. This is because it can tolerate higher pH and stress (Pandey et al., 2013) . Azolla, a C3 plant is prone to photo respiratory flux and thus involves in photooxidative damages of bio molecules. Despite this, few aquatic plants are still tolerant to photo-oxidative condition due to metal acquisition and being hyperaccumulators of xenobiotics (Gautam, 2017) .
The light regulation of Calvin cycle enzymes in higher plants, Azolla also added some information regarding its modulation under 2,4-D concentration. From our results the reduction by DTT to the oxidized thiol (-S-S-) at regulatory site might lead to activation of enzyme. Under dark condition the inactivation is realized with redox mediated thiol oxidation of Calvin cycle enzymes (Mock and Dietz, 2016) . It is interesting to note that Azolla at the pattern of 2,4-D inactivation, particularly, at higher concentrations was quite consistent and compatible with those of angiospermic species. This predicts that the target sites are the thiol ligands for 2,4-D mediated deactivation of NADP-ME (under substrate saturation condition). Therefore, Azolla which has already been recognised as hyper-accumulator species for toxic metalloids might be a good indicator for such herbicidal toxicity. It is quite clear that the regulatory mechanism for Calvin cycle enzymes by changes of thiol-redox is compatible irrespective of plant species (including nonflowering species). This also attenuates a change in cellular redox in down regulation of photosynthetic activity through decarboxylation reactions as illustrated with NADP-ME. So, cellular redox with its oxidised/reduced state would complement the NADP-ME activity in-vitro as a possible bio-marker under herbicidal stress. Azolla, an aquatic fern has served these findings of such conception in the present experiment.
